Development of woody plants in the course of succession on reclaimed soda waste dumps by use of mineral cover was analyzed. The spatial variation in the thickness and granulometric composition of the mineral cover was analysed by the Kriging method. The statistical measurements and geostatistical analysis were used to create maps showing areal variability for the parameters analysed. Analysis of the development of woody vegetation was based on field work and raster layers created on the basis of aerial photographs. No link was found between the parameters of the mineral cover and the distribution and development of spontaneous woody vegetation. The species composition in the study area is limited, and dominated by pioneer species, mainly the expansive black locust (Robinia pseudoacacia). Given that the soda waste disposal site is to be used as urban green spaces, the target ecosystem structure must be considered and a suitable course of action selected: further reclamation procedures improving substrate quality and enrichment of the species composition of the tree stand, or management involving sustaining the current state while controlling the course of natural succession of vegetation.
INTRODUCTION
The soda waste disposal site of the former Krakow Soda Plant Solvay (KSP), known as the 'White Seas', covers an area of nearly 85 ha. Settling ponds, accumulating hydraulically transported waste arising from the production of crude and caustic soda and soda ash, were exploited from the 1930s until the end of 1990. They were built as multi-chamber aboveground ponds, grouped in three complexes (Figure 1 ). The outer embankments, with an average inclination of 1:1.5 and a maximum height of 24.0-27.5 m above ground level (soda waste ponds nos. [21] [22] [23] [24] [25] , were made of waste materials such as slag, combustion waste, and limestone waste. The chemical composition of the waste deposited in the soda waste dumps consisted mainly of calcium carbonate (CaCO 3 ) with an admixture of calcium sulphate (CaSO 4 ) and silicon dioxide (SiO 2 ) in the form of a suspension in a solution of calcium chloride (CaCl 2 ) and water [Pałka and Sanecki 1992, Boroń et. al. 2000] .
The functioning of the waste disposal site, which lasted several decades, was associated with numerous nuisances, including highly saline effluent and airborne dust from the drying waste. The primary means of reclamation of areas creating this type of problem is the formation of permanent vegetation cover on their surface [Siuta 2014 ]. Reclamation works were carried out on the soda waste dumps of the former KSP in the tory analyses (pooled samples). The granulometric composition was determined by the areometer method (BN -78/9180-11).
In order to characterize the parameters analysed and determine their degree of variation, the following statistical measures were calculated [Hellwig 1993 ]: maximum value, minimum value, mean, variance, standard deviation, and coefficient of variation. The coefficient of variation was determined as a measure of the spread of variance and standard deviation and expressed as a percentage. Spatial variation was presented graphically by assigning position vectors to each measuring point (x, y) in the grid. Analysis of the data in each column of the grid showed a linear relationship between the means from individual columns and their variance, which suggests a trend -the existence of systematic variation. Therefore Kriging was used for analysis of spatial variation and interpolation of maps [Marx and Thompson 1987] . Maps of spatial variation were plotted using Surfer for Windows software.
The input data for analysis of the development of woody vegetation was based on raster layers created in MapInfo Professional 11.5 software using aerial photographs taken in 2003 and 2015 and obtained from the Main Geodetic and Cartographic Documentation Centre. Moreover, in 2015 a general inventory of the main patches (disregarding single trees) of the spontaneous years 1989-1995. In the largest complex of ponds they covered an area of 17.43 ha. The reclamation involved levelling of the embankments separating individual sludge ponds, reinforcement of the slopes, application of a layer of mineral soil, levelling of the terrain, application of mineral fertilizers, and sowing of a mixture of grasses and leguminous plants [Małecki 1997 ].
The potential for management of this attractive location as an urban green area, surrounded by intensive residential development, was perceived early on, and work on the creation of an effective method for reclamation of the soda waste dumps was already begun during the final phase of operation of the KSP [Boroń et al. 2000] . Over the years studies have been conducted on the process of natural succession and development of vegetation on both unreclaimed and reclaimed soda waste dumps [e.g. Trzcińska-Tacik 1966, 1993, Zarzycki and Zając 2001, Zając and Zarzycki 2012] , including experiments on the possibility of management involving appropriately selected plant species [Nagawiecka et al. 1975 [Nagawiecka et al. -1977 According to the current urban management plan for the 'White Seas' [Uchwała nr LVIII/777/12], the complex of reclaimed soda waste dumps of the KSP is to be used as green urban spaces and for sport and recreational facilities. In this context research dealing with the effect of the reclamation procedures on the development of vegetation takes on particular importance. The aim of the present study was to determine the distribution of woody vegetation on a reclaimed complex of soda waste dumps from the former KSP in relation to spatial variation in basic parameters (thickness and granulometric composition) of the mineral cover applied.
MATERIALS AND METHODS
The properties of the mineral soil used in reclamation of soda waste ponds nos. 21-25 ( Figure 1 ) (50°00'33''N; 19°56'26'') were surveyed in 2007. Altogether 132 plots were laid out by GPS in a 30×30 m grid. On each plot the thickness of the mineral cover was measured with a soil probe and material was collected for labora-woody vegetation was performed. In each patch trees with a trunk diameter of over 7 cm at a height of 130 cm were counted. The number of trees and the maximum heights and diameters were determined for the species distinguished. The heights of the trees were measured with a clinometer.
RESULTS AND DISCUSSION
The results of the tests of the mineral cover used for reclamation of soda waste dumps nos. 21-25 are described in detail in works by Zając The mean content of the sand fraction was 29.70%, the silt fraction was 13.27%, and the clay fraction was 57.33% (Table 1 ). The coefficient of variation indicates that thickness was the most spatially varied parameter in the study area (ϑ = 44,25%). Among the granulometric fractions, sand (ϑ = 32,57%) and silt (ϑ = 28,81%) exhibited intermediate variation, while the clay fraction showed little variation (ϑ = 18,36%). The results are similar to those obtained in a study by Klatka et al. and can be used for further estimation of additional points, enabling more precise determination of mineral cover characteristics.
Woody vegetation covering the soda waste dumps shows little species diversity. Seven tree species were counted, and the presence of three of these, i.e. white poplar (Populus alba), English walnut (Juglans regia) and bird cherry (Padus avium), was noted only twice in the case of each species. The most abundant was black locust (Robinia pseudoacacia), with somewhat lower numbers of European aspen (Populus tremula), silver birch (Betula pendula), and goat willow (Salix caprea) ( Table 2) . Black locust accounted for as much as 84% of the tree species composition. It attained an average height of 13.9 m and a diameter at breast height of 21.1 cm (Table 2 ). This tree comes from North America and is one of the three most widely distributed alien species in Europe. It is a heliophyte and fast-growing pioneer species. It grows on abandoned and degraded land, tolerating soils of different degrees of fertility, including poor and dry soils, but does not tolerate wet or compacted soils. Black locust reproduces both generatively and vegetatively, forming strong root suckers. The production of more numerous root suckers is stimulated by factors such as mechanical damage or fire [Ciejracks et al. 2013 ]. On the soda waste dumps the black locust trees often had a deformed shape and traces of damage, and young individuals often occurred in large numbers in the tree patches.
Black locust is often used in reclamation of degraded land in Poland and all over Europe, mainly because it is a habitat-forming species. It is able to fix atmospheric nitrogen with bacteria of the genus Rhizobium [e.g. Mazurek 2015] , at a rate varying widely from 23 to 300 kg ha This tree is considered a highly invasive species. In the area covered by the study the black locust trees usually formed dense clusters in which the share of this species exceeded 90%. Forming dense stands, the black locust shades the surface, leading to elimination of light-demanding species. This results in floristic impoverishment in the herbaceous layer under the canopy in thickets dominated by this species [Rahmonov and Parusel 2012] . There is, however a marked increase in the proportion of nitrophilous and ruderal species in the herbaceous layer [Dzwonko and Loster 1997] . For this reason Rahmonov and Parusel [2012] point out that the effects of the development of black locust monocultures are not straightforward, and planning of the reclamation process should take into account the considerable decrease in the biodiversity of areas colonized by black locust, resulting from its allelopathic properties.
The species with the second highest share of the tree stand growing on the reclaimed soda waste dumps, at 10%, is European aspen (Populus tremula). This species grows to an average height of 12.2 m in the study area and attains an average diameter at breast height of 19.9 cm (Table 2 ). Aspen grows best on well-drained clay soil rich in organic matter, calcium, magnesium, potassium and nitrogen. It is, however, a species with considerable soil tolerance and can survive on both shallow sands and heavy clay soils. As in the case of black locust, it is a typical pioneer species characterized by both generative and vegetative propagation. Vegetative propagation takes place through the formation of root suckers from lateral buds on small lateral roots (0.5-2.5 cm in diameter). Their production is stimulated by various disturbances, such as felling, fire, wind breakage or defoliation. Silver birch on the reclaimed soda waste dumps accounts for only 5% of the stand. Its average height and diameter at breast height are 12.6 m and 18.1 cm, respectively (Table 2) . Birch is a light-demending pioneer species appearing in the early successional stage. It quickly colonizes the terrain owing to abundant production of winged seeds and rapid growth at a young age. It finds the best conditions for development on fairly fertile, light, permeable soils, preferably with acidic pH [Hynynen et al. 2009 , Beck et al. 2016 ]. It has lower tolerance for compact or wet soils. As reported by Prach and Pyšek [1994] , silver birch is a species that clearly dominates on spontaneously overgrown abandoned and degraded land. Despite its high tolerance for habitat conditions, it is not considered a valuable species improving habitat quality.
Goat willow, with a much smaller share in the study area (1%), and elder (Sambucus nigra), often found in the undergrowth on soda waste dumps, according to Prach and Pyšek [1994] are the most frequent colonizers of unused land in urbanized areas of Central Europe.
The basis for successful reclamation is a thorough examination of the initial conditions and determination of the function and target structure of the ecosystem to be created. There are several ways to create new ecosystems on reclaimed land. The simplest and least expensive approach, but often taking a long time, is to leave the area to natural processes of succession with no interference. The second approach is of a technical nature and involves modification of abiotic and biotic habitat factors and the introduction of the desired plant species. An intermediate approach involves aiding natural succession by modifying abiotic and biotic factors, but to a limited extent, and then enabling spontaneous succession of vegetation while maintaining control of its progress [Prach et al. 2007 ].
The course of action taken to reclaim the Solvay soda waste dumps most resembles the last of these models, but this was not intended. The target conception for management of this area was to create park area but only basic reclamation procedures were carried out. The main objective in this case was to revegetate the area and make it less of a nuisance, whereas the woody vegetation appeared spontaneously. A limited number of tree species was maintained here, having appeared in the first phase of colonization of the reclaimed dumps. As compared to 2003, no new patches of trees are observed but only expansion of the old ones (Figures 2-5 ). The area of the main patches, determined on the basis of aerial photographs, grew from 6,235.2 m 2 in 2003 to 18,682.9 m 2 in 2015, a 66.6% increase in a 12-year period.
The fact that new individuals have not appeared is due to the development of dense herbaceous vegetation, initially from species that were sown, with a large share of yellow melilot (Melilotus officinalis) and white melilot (Melilotus alba), and in the later stage with dominance of the herbaceous layer by highly expansive species such as wood small-reed (Calamagrostis epigejos) and quack grass (Elymus repens). Competition from herbaceous vegetation impedes the germination and development of tree seedlings with light seeds [Prach 2003 ], whereas root suckers have a chance to force their way through the vegetation cover and necromass [Frączek 2007 ], which is particularly important where there is no mowing. Fires observed in this area were an additional factor limiting the appearance of seedlings and stimulating vegetative propagation of trees.
The properties of the mineral cover applied in reclamation of the soda waste dumps have a greater impact on differentiation of the development of the herbaceous vegetation [Zając and Zarzycki 2012 ] than in the case of the tree stand. The distribution of thickness and the granulometric composition of the mineral cover were not found to be closely linked to the distribution of clusters of trees (Figures 2-5 ). They do not occur in the zone with the thickest mineral cover, but their distribution is clearly linked to the former inner embankments separating individual settling ponds mainly consisting of slag [Pałka and Sanecki 1992] which tops of were levelled during the reclamation process.
An admixture of coarse-grained material may thus be a factor facilitating the development of the root system of trees, as confirmed by the considerably superior development of woody vegetation on the outer embankments composed of the same material. Signs of gleying are visible in the loamy soil cover, which is indicative of unfavourable air and water conditions in this layer, while deeper development of root systems lessens the chemical properties of soda waste-high salinity and alkaline pH [Boroń et al. 2000 , Zając et al. 2007 . Variation in moisture levels in the mineral cover is also reflected in the species composition of herbaceous vegetation, which includes species typical of dry habitats as well as species typical of wet habitats [Zając and Zarzycki 2012] , which should be linked to the fine-textured mineral cover and the resulting water stagnation during wet periods and parching during dry periods [Ewing 2002 ].
The thickness of the soil cover used in reclamation of waste deposit sites, which is to form a substrate for the development of vegetation, should depend mainly on the type of soil, the level of summer rainfall and the tree species selected [Dobson and Moffat 1993] , and should correspond to the extent of the root zone [Gworek et al. 2004] . It should be tailored to the type of land use planned. Building Research Institute guidelines [Wysociński 2009 ] for sealing surface landfills recommend the following minimum thicknesses for this layer: 1.2 to 1.8 m for areas to be covered with trees (optimally 1.5 m subsoil and 0.3 m topsoil), from 0.6 to 1.0 m for shrubs, and 0.5 m for lawns.
In the case of the complex of soda waste dumps analysed in this study, the thickness of the mineral cover used for reclamation is sufficient for the development of herbaceous vegetation, but is not a factor differentiating the distribution and development of spontaneous woody vegetation. It is, however, shallow enough (75% of the surface is covered by a layer 10-30 cm deep [Zając 2009 ]) that it may limit the appearance of more demanding tree species and halt the succession at the level of pioneer species. It may also be a limitation for the further development and stable establishment of existing trees in the substrate as they grow, as their roots are generally very shallow.
Analysis of several dozen successional series in different types of anthropogenically degraded habitats has shown that in some areas trees did not appear even for 30 years, while in other successional series woody plants appeared before the eighth year of succession, and after 20 years has reached their maximum area cover, which later changed very slowly [Prach and Pysek 1994] . The development of woody vegetation proved best in moderate environmental conditions and was delayed in extreme [Prach and Pysek 2007, Prach 2003 ]. In the case of the dumps in the present study, whose reclamation was completed in 1995, the rate of changes in area cover by the tree stand may thus be expected to slow down.
The pioneer species occurring here often take part in the initial stages of succession on degraded and abandoned land. This is possible due to their ecological properties, particularly wide tolerance for habitat conditions, abundant fruit production, anemochoria, a tendency towards vegetative propagation, high light demands, and rapid growth at a young age [Frączek 2007 ]. According to Bradshaw [1996] , in biological reclamation it is most important to appropriately direct the succession of vegetation and then leave the area to natural processes. This may involve the need for suitable planting, but to achieve satisfactory development of the plants we must ensure that the substrate is of good quality or can be improved by appropriate procedures.
In view of the intended use of the 'White Seas' as urban green spaces, in accordance with the area development plan, should further reclamation procedures be carried out to improve the quality of the substrate and enrich the species composition of the tree stand, or should further management of the area consist in maintaining its current state? It seems that in the current situation the second model is more justified, both economically and ecologically.
The first variant entails substantial financial expenditures, while the most important challenge in the second, inexpensive variant will be to control the spread of the invasive black locust. One promising method is partial removal of bark in a strip from the perimeter of the tree, which prevents regrowth of the plant from its base and thus leads to its death 2. The species composition of the woody vegetation is limited, and dominated by pioneer species, mainly the expansive black locust (Robinia pseudoacacia). The last 12 years have seen no new clusters of trees but only the expansion of old ones, whose area increased by 66.6% during this period.
3. The appearance of new individuals is mainly limited by competition from dense herbaceous vegetation. Trees capable of vegetative propagation, additionally stimulated by various types of disturbances (fires or mechanical damage) are dominant.
4. To carry out the plan to use the area of the soda waste deposit dumps of the former Krakow Soda Plant Solvay as urban green spaces, the question of the target ecosystem structure must be considered and then a suitable model of action should be chosen: further reclamation procedures improving the quality of the substrate and enriching the species composition of the tree stand, or management based on the current state, together with control of the course of natural selection of vegetation, particularly the spread of invasive species (black locust). It seems that in the current situation the second model is more justified, both economically and ecologically.
